Seasonal snow cover is an important temporary water storage in high-elevation regions. Especially in 9 remote areas, the available data is often insufficient to explicitly quantify snowmelt contributions to streamflow. 10
during the ablation season, which typically lasts from May to September. The onset of the early snowmelt season 1 in the lower part of the basin is typically in April. 2 3 Methods 3
Field sampling, measurements and laboratory analysis 4
The field work was conducted during the 2014 snowmelt season between the beginning of April and the end of 5
June. Two short-term melt events (3 days) were investigated to illustrate the difference between early spring 6 season melt and peak melt. Low discharge and air temperatures with a small diurnal variation and low melt rates, 7
as well as a snow-covered area (SCA) of about 90 % in the basin (Fig. 7a ) are the boundary conditions of the 8 early melt event at the end of April (cf. Fig. 2b ). In contrast, the peak melt period at the end of June is 9 characterized by high discharge and melt rates, a flashy hydrograph, high air temperatures with remarkable 10 diurnal variations ( Fig. 2c ) and a strongly retreated snowline (SCA: 66 %; cf. Fig. 7c ). Both events followed dry 11 antecedent conditions (no observed precipitation for at least 2 days) and no precipitation during the events itself 12 (Fig. 2 ). Discharge data are available at an hourly resolution for the gauging station in Vent and meteorological 13 data are obtained by 20 automatic weather stations (hourly resolution) located in and around the basin (Fig. 1 ). 14 The stream water sampling for stable isotope analysis consists of pre-freshet baseflow samples at the beginning 15 of March, sub-daily grab samples during the two studied events and a post-event sample in July as indicated in 16 at the south-(S1, S2) and north-facing slope (N1, N2), as well as on a wind-exposed ridge shown in Fig. 1 using 18 a snowmelt collector. At each test site a snow pit was dug to install a 0.1 m 2 polyethylene snowmelt collector at 19 the ground-snowpack interface. The snowmelt collector consists of a pipe that drains the percolating meltwater 20 into a fixed plastic bag. Tests yield a preclusion of evaporation for this sampling method. Composite daily 21 snowmelt water samples (bulk sample) were collected in these bags and transferred to polyethylene bottles in the 22 field before the onset of the diurnal melt cycle. Furthermore sub-daily grab melt samples were collected to define 23 the diurnal variability. The pit face was covered with white styrofoam to protect it from direct sunlight. Stream, 24 surface overland flow and grab snowmelt water samples were collected in 20 mL polyethylene bottles. Snow 25 samples from snow pit layers were filled in airtight plastic bags and melted below room temperature before 26 refilling them in bottles. Overall, 144 samples were taken during the study period. Snow water equivalent 27 (SWE), snow height (HS), snow density (SD), and various snowpack observations (wetness and hand hardness 28 index) were observed before the onset of the diurnal melt cycle at the study plots ( Fig. 1 ). Mean SWE was 29 determined by averaging five snow tube measurements within an area of 20 m 2 at each site. Daily melt rates 30 were calculated by subtracting succeeding SWE values. Sublimation was neglected, as it contributes only to a 31 small percentage (~10 %) to the seasonal water balance in high altitude catchments in the Alps (Strasser et al., 32 2008) . 33 All samples were treated by the guidelines as proposed by Clark and Fritz (1997) and were stored dark and cold 34 until analysis. The δ 18 O and δD content was measured with cavity ring-down spectroscopy (Picarro L1102-i). 35
The mean laboratory precision (replication of 8 measurements) for all measured samples was 0.06 ‰ for δ 18 O. 36 Due to the covariance of δ 2 H (δD) and δ 18 O (Fig. 3 ) all analyses were made with oxygen-18 values. Results are 37 expressed in the delta notation as parts per thousand relative to the Vienna Standard Mean Ocean Water 38 (VSMOW2). 39 Hydrol. Earth Syst. Sci. Discuss., doi: 10.5194/hess-2016-128, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 11 May 2016 c Author(s) 2016. CC-BY 3.0 License.
Model description 1
For the simulation of the daily melt rates, the non-calibrated, distributed, and physically-based 2 hydroclimatological model AMUNDSEN (Strasser, 2008 ) was applied. Model features include interpolation of 3 meteorological fields from point measurements (Marke, 2008; Strasser, 2008) ; simulation of short-and 4 longwave radiation, including topographic and cloud effects (Corripio, 2003; Greuell et al., 1997) ; 5 parameterization of snow albedo depending on snow age and temperature (Rohrer, 1992) ; modelling of forest 6 snow and meteorological processes (Liston and Elder, 2006; Strasser et al., 2011) ; lateral redistribution of snow 7 due to gravitational (Gruber, 2007) and wind-induced (Helfricht, 2014; Warscher et al., 2013) processes; and 8 determination of snowmelt using an energy balance approach (Strasser, 2008 (Hanzer et al., 2016) . This setup was also used to run the model in the 12
presented study for the period 2013-2014 using a temporal resolution of 1 hour and a spatial resolution of 50 13 meters. In order to determine the model performance during the study period, catchment-scale snow distribution 14 by satellite-derived binary snow cover maps and plot-scale observed SWE data were used for the validation. 15
Therefore the spatial snow distribution as simulated by AMUNDSEN was compared with a set of MODIS (500 16 m spatial resolution) and Landsat (30 m resolution, subsequently resampled to the 50 m model resolution) snow 17 maps with less than 10 % cloud coverage over the study area using the methodology described in Hanzer et al. 18 (2016) . Model results were evaluated using the performance measures BIAS, accuracy (ACC) and critical 19 success index (CSI) (Zappa, 2008) . ACC represents the fraction of correctly classified pixels (either snow-20 covered or snow-free both in the observation and the simulation). CSI describes the number of correctly 21 predicted snow-covered pixels divided by the number of times where snow is predicted in the model and/or 22 observed, and BIAS corresponds to the number of snow-covered pixels in the simulation divided by the 23 respective number in the observation. ACC and CSI values range from 0 to 1 (where 1 is a perfect match), while 24
for BIAS values below 1 indicate underestimations of the simulated snow cover, and values above 1 indicate 25 overestimations. At the plot-scale, observed SWE values were compared with AMUNDSEN SWE values 26
represented by the underlying pixel at the location of the snow course. Catchment-scale melt rates are calculated 27 by subtracting two consecutive daily SWE grids, not considering sublimation to be comparable to the plot-scale 28 observed melt rates. Subsequently, the DEM was used to calculate an aspect grid and further to divide the 29 catchment into two parts: grid cells with aspects ranging from ≥ 270 ° to ≤ 90 ° were classified as 'north-facing', 30 while the remaining cells were attributed to the class 'south-facing'. Finally these two grids were combined to 31 derive melt rates for the south-facing ( ) and for the north-facing slope ( ). 32
Isotopic hydrograph separation, weighting approaches and uncertainty analysis 33
IHS is a steady-state tracer mass balance approach and several assumptions underlie this simple principle, which 34 are described and reviewed in Buttle (1994) and Klaus and McDonnell (2013) . The focus of this study relies on 35 one of those assumptions: the spatio-temporal variability of event water isotopic signature is absent or can be 36 accounted for. The fraction of event water ( ) contributing to streamflow was calculated from Eq. (1). 37 The tracer concentration of the pre-event component ( ) is the δ 18 O content of baseflow prior to the onset of the 1 freshet period, constituted mainly by groundwater and eventually by soil water which was assumed to have the 2 same isotopic signal. Tracer concentration is the isotopic content of stream water samples for each sampling 3 time. The isotopic compositions of snowmelt samples were weighted differently to compose the event water 4 tracer concentration ( ). Therefore the following five weighting approaches were deployed in the analyses: 5
(1) volume-weighted with observed plot-scale melt rates (VWO) 6
(2) equally weighted, assuming an equal melt rate on north-and south-facing slopes (VWE) 7
(3) no weighting, only south-facing slopes considered (SOUTH) 8 (4) no weighting, only north-facing slopes considered (NORTH) 9 (5) volume-weighted with simulated catchment-scale melt rates (VWS) 10
Equation (2) is the VWS approach with simulated melt rates for north-and south-facing slopes as described in 11 
where is the uncertainty, is the isotopic content, is the fraction and the subscripts , and refer to the 19 pre-event, stream and event component. The assumption of negligible errors in the discharge measurement and 20 the melt rates (modelled and observed) underlay this method. The uncertainty of streamflow ( ) is assumed to 21 be equal to the laboratory precision (0.06 ‰). For the uncertainty of the event component ( ), the diurnal 22 temporal variation of the snowmelt isotopic signal was used (0.5 ‰) and an error of 0.04 ‰ was assumed for the 23 pre-event component ( ), which reflects the standard deviation of the two baseflow samples. IHS results 24 correspond to the 95 % confidence level. Spatial variations were not considered in this error calculation method 25 as they represent the hydrologic signal of interest. 26 Figure 4 shows the δ 18 O data of the water samples grouped into 6 different categories and split into early and peak melt data. It shows the different δ 18 O ranges and medians of the 7 sampled water sources ( Fig. 4a ), as well as marked spatio-temporal variations of the isotopic signal ( Fig. 4b and  8 c). It is apparent that the snowpack δ 18 O values have a larger variation compared to the snowmelt data due to 9 homogenization effects ( Fig. 4a ), as was also shown by Árnason et al. (1973) , Dincer et al. (1970) and Stichler 10 (1987) . In contrast, the median of the δ 18 O content of snowmelt was higher than that of the snowpack, implicit in 11 the fractionation processes. The median of surface overland flow δ 18 O was higher than that of snowmelt ( Fig. 4a ) 12
for the early and peak melt period. Overall, the δ 18 O peak melt values ( Fig. 4b) reveal less variation and a higher 13 median than the early melt values, because fractionation effects (due to melt/refreeze and sublimation) most 14 likely altered the isotopic content over time (cf. Taylor et al., 2001 Taylor et al., , 2002 . One major finding was that the north-15 facing slope δ 18 O data reveals a larger range and a lower median compared to the opposing slope ( Fig. 4c ). 16
Samples from the wind drift influenced site (also south-exposed) were more depleted in heavy isotopes 17 compared to the south-facing slope samples ( Fig. 4c ). 18
In general, the average snowmelt and snowpack isotopic content was more depleted for the early melt period 19 (Table 1 ) and changed over time because fractionation was likely to alter the snowpack and its melt. It is obvious 20 that the isotopic evolution (gradually enrichment) on the south-facing slope took place earlier in the annual 21 melting cycle of snow, following a less marked isotopic change between early and peak melt and indicates a 22 premature snowpack concerning the enrichment of isotopes and early ripening compared to the north-facing 23
slope. 24 Table 1 shows that meltwater sampling throughout the entire snowmelt period is required to account for the 25 temporal variation (cf. Taylor et al., 2001 Taylor et al., , 2002 . In detail, the snowpack and snowmelt δ 18 O data highlighted a 26 marked spatial inhomogeneity between north-and south-facing slopes throughout the study period. The 27 snowpack isotopic composition from both sampled slopes was statistically different for the early melt, but not 28 for the peak melt (with Kruskal-Wallis test at 0.05 significance level), whereas the snowmelt δ 18 O showed a 29 significant difference throughout the complete study period ( Fig. 5 ). 30
Stream water isotopic content was more enriched in heavy isotopes during the early melt period and successively 31 became more depleted throughout the freshet period resulting in more negative values during peak melt (Table  32 2). The standard deviation and range of stream water δ 18 O during early melt was higher and could be related to a 33 more increasing snowmelt contribution throughout the event and larger diurnal amplitudes of snowmelt 34 contribution compared to peak melt ( Table 2 , Fig. 11 ). 35 tendency to slightly overestimate the snow cover during the peak melt season (BIAS >1). In general the CSI 1 does not drop below 0.7 and 80 % of the pixels are correctly classified (ACC) throughout the study period. 2 Table 3 holds the observed and simulated SWE values at the plot-scale. The model slightly underestimates SWE 3 during peak melt, but generally appears to be in quite good agreement, suggesting well simulated snowpack 4 processes. Throughout the study period the model deviates by 13 % from the observed SWE values, but the 5 representativeness (small-scale effects) of SWE values represented by the respective 50 m pixel should be 6 considered. 7
Snow model validation and snowmelt variability 36
Snowmelt (observed and simulated inter-daily losses of SWE) showed a distinct spatial variation between the 8 north-facing and the south-facing slope for the early melt (23/24 April), but less marked variations for the peak 9 melt (07/08 June) ( Fig. 8 ). Relative day-to-day differences are more pronounced for the early melt season. Both 10 simulated and observed melt rates are higher for the peak melt event on the south-facing slope, but not for the 11 north-facing slope. Simulated melt intensity on the south-facing slope at the end of April was twice the rate on 12 the north-facing slope, while melt rates were approximately the same for the opposing slopes during peak melt. 13
Small-scale snowmelt variability during early melt (north-facing slope) and partly during peak melt (south-14 facing slope on 07 June) probably due to micro-topographic effects caused contrasting results between simulated 15 and observed melt rates ( Fig. 8 ). 16
Weighting techniques and isotopic hydrograph separation 17
Differences between the applied weighting techniques, induced by the high spatial variability of snowmelt 18 (Section 4.2), led to different event water isotopic compositions ( ) used in the IHS analyses. Table 4 lists the 19 event water isotopic content ( ) for the five deployed weighting approaches (cf. Section 3.3). The event water 20 component is depleted in δ 18 O by roughly 0.3 ‰ for the second day (24 April) of the early melt event compared 21 to the preceding day, but inter-daily variation during the peak melt is almost absent. Especially during early melt 22 (23/04 to 24/04) strong deviations between observed plot-scale melt rates and distributed (areal) melt rates 23 obtained by AMUNDSEN occurred (Fig. 9 ), and led to more differing event water isotopic compositions 24 between the VWS and the VWO approach (Table 4) . 25 IHS provides estimated contributions of event and pre-event water. The event water component is labelled as the 26 weighted snowmelt end-member. The hydrograph and the results of the IHS applied with the VWS method for 27 the early and peak melt event are presented in Fig. 10 . Lower flow rates and higher pre-event fractions during 28 early melt ( Fig. 10c ) and vice versa for the peak melt period (Fig. 10d ) are identifiable. The total runoff volume 29 during the peak melt period was approximately six times higher than in the early melt period. The fraction of 30 snowmelt (volume) estimated with the VWS approach was 35 and 75 % with calculated uncertainties (95 % 31 significance level) of 3 and 14 % for the early and peak melt event, respectively. Throughout the early melt 32 event, the snowmelt fraction increased from 25 to 44 % ( Fig. 10c ; Table 5 ). This trend mirrors the stream 33 isotopic content, which is descending ( Fig. 10a ). Event water contribution during peak melt was generally higher 34 but revealed a lower range (70 to 78 %; Fig. 10d ). Diurnal isotopic variations of stream water are weak for both 35 events ( Fig. 10a and b) , and could not clearly obtained due to missing data at the falling limbs of the 36 hydrographs. 37
The uncertainty calculated from Eq. (3) of the IHS applied with the VWS method in the present study was higher 38 (14 %) for the peak melt event because the difference between isotopic content of pre-event water and event 39 The use of five different weighting approaches led to strongly varying estimated snowmelt fractions of 3 streamflow ( Fig. 11 ). Especially the differences between the SOUTH and the NORTH approach during both 4 investigated events (up to 24 %), and the differences between the VWS and the VWO approach (5 %) during 5 early melt ( Fig. 11a ) are notable. Event water contributions estimated by the different weighting methods (cf. (cf. Fig. 11a , Table 6 ). Minimum event water contributions during peak melt were estimated with 60-84 % and 8 maxima ranged between 67-94 % for the different weighting methods ( Table 6 , Fig. 11b ). Beside these intra-9 event variations in snowmelt contribution, the volumetric variations at the event-scale were smaller and ranged 10 between 28 to 40 % and 66 to 90 %, for the early and peak melt event, respectively ( Table 6) . 11
Considering only spatial variations of snowmelt isotopic signatures (i.e. comparing the NORTH/SOUTH 12 approach with the VWE approach) for IHS lead to differences in estimated event water fractions of maximum 7 13 and 14 % for the early and peak melt period, respectively (Table 6 ). However, considering only spatial variations 14 of snowmelt rates (i.e. comparing the VWS/VWO approach with the VWE approach) lead to maximum 15 differences in event water fraction of 3 and 2 % for the early and peak melt period, respectively ( Table 6 ). 16
Surface overland flow was not considered in the IHS analyses because it reflects a runoff generation process 17 (geographic source) and hence is not a time source component of streamflow. However, if applied, it would most 18 likely increase the calculated snowmelt fraction slightly. Furthermore, snowmelt samples from the wind-exposed 19 site were not used in the IHS analyses because this site was only sampled on the south-facing slope during early 20 melt and is hardly representative for the catchment due to its limited coverage. However, an incorporation of this 21 data would decrease the calculated snowmelt fraction by approximately 2 %. 22 5 Discussion 23
Variations of streamflow 24
Snowmelt is a major contributor to the hydrograph during the spring freshet period in alpine regions and 25 remarkable amounts of snowmelt water infiltrate into the soil and recharge groundwater (Penna et al., 2014). 26
During the whole study period, two major snowmelt pulses (Mid-May and beginning of June) followed four less 27 pronounced ones during mid-March to early May (Fig. 2a ). The hydrological response followed the variations of 28 air temperature, as already observed by Braithwaite and Olesen (1989) , because the available net-shortwave 29 energy mostly controls the magnitude of snowmelt (Hock, 2003) (Fig. 2a ). Peak melt occurred at the beginning 30 of June with maximum daily temperatures and runoff, of 15 °C and 18 mm d -1 , respectively. The following high-31 flows were affected by rain ( Fig. 2a ) and by glacier melt due to the strongly retreated snow line and snow-free 32 ablation area of the glaciers in July. Diurnal variations in discharge were strongly correlated with diurnal 33 variations of air temperature ( Fig. 2a and b) with a time lag of 3-5 hours for the early melt event and 2-3 hours 34
for the peak melt event. These time lags are common in mountain catchments (Engel et al., 2015; Schuler, 2002) . 35
During peak melt, the flashy hydrograph revealed less variation in the timing of peak discharge of 7 day data 36 (cf. Fig. 2c ) compared to the early melt, as well reported by Lundquist and Cayan (2002) . An inverse 37 relationship between streamflow δ 18 O and discharge (and thus snowmelt contribution) was found for the early 38 melt event (Fig. 10a and c) . Diurnal responses of streamflow δ 18 O were slightly identified for both events, but 39 on streamflow contributions from snow as well as glacier melt. The lower stream water isotopic content during 4 peak melt suggests a remarkable contribution of more depleted snowmelt to streamflow and therefore confirms 5 the results of the IHS (Section 5.4). 6
Spatio-temporal variability of snowmelt and its isotopic signature 7
The magnitude of snowmelt varies in catchments with complex topography (Carey and Quinton, 2004; Dahlke 8 and Lyon, 2013; Pomeroy et al., 2003) . This was also demonstrated for the Rofen valley in the presented study 9 ( Fig. 8 , Table 3 ). The small-scale snowmelt variability was high, as plot-scale observed melt rates contradicted 10 distributed melt rates during early melt ( Fig. 9 ), a period of the snowmelt season when snow cover processes are 11 typically very heterogeneous across the catchment. The peak melt period was characterised by less spatial and 12 day-to-day variation in observed melt rates (Fig. 8) . The modeled daily snowmelt during this period was similar 13
for north-and south-facing slopes, likely because of higher melt rates but a smaller snow-covered area of the 14 south-facing slope in contrast to the north-facing slope during peak melt (Fig. 9 ). The model performance was 15 good according to SWE values (Table 3 ) and to snow cover extent ( Fig. 6 and 7) . The spatial variations of 16 snowpack isotopic content are significantly evidenced for north-and south-facing slopes, as also shown by 17 The dataset is small, but reveals clear differences enforced by varying magnitudes and timing of melt processes 29 through solar radiation on the opposing slopes (cf. Fig. 5 ). Temporal snowmelt isotopic variability is greater for 30 the north-facing slope compared to the south-facing slope (Fig. 5 ), which was also pointed out by Carey and The isotopic homogenization of the snowpack on the south-facing slope started earlier in the melting period and 35 caused a smaller spatial and temporal variation compared the north-facing snowpack, as also reported by 36 Unnikrishna et al. (2002) and Dincer et al. (1970) . However the differences between these investigated 37 snowpacks in the early melt season were larger than in the peak melt season. This affects IHS results, especially 38 because the snowmelt contributions from the south-and north-facing slope -with marked isotopic differences -39 were distinct. Due to melt, fractionation processes proceeded and the snowpack became more homogenous throughout the snowmelt season. However, inter-daily variations of snowpack isotopic content, especially for the 1 north-facing slope, were still observable during the peak melt period. The gradual isotopic enrichment of the 2 snowpack was also observable for snowmelt, as described by many others (Feng et findings could not be confirmed within in this study, probably due to the temporally limited data and should be 6 tested with a larger dataset. 7
Validity of isotopic hydrograph separation 8
The validity of IHS relies on several assumptions (Buttle, 1994; Klaus and McDonnell, 2013) . The assumption -9 the isotopic content of event and pre-event water differ significantlywas successfully proven, because 10 measured snowmelt isotopic values were markedly lower than pre-event baseflow values (cf. Table 2 and 4, Fig.  11 3). Spatio-temporal variations of event water isotopic content were accounted for by collecting daily and sub-12 daily samples during both events throughout the freshet period and meltwater sampling at a north-and south-13 facing slope, respectively. The spatially variable input of event water was considered by dividing the catchment 14 into two partsa north-and a south-facing slope. This study supports the findings of Dahlke and Lyon (2013) 15 and Carey and Quinton (2004), emphasizing the highly variable snowpack/snowmelt isotopic content due to 16 enrichment in complex topography catchments. The temporal variability of event water isotopic content was 17 considered by bulk daily samples, which integrate the entire diurnal melting cycle. The spatio-temporal 18 variability of the isotopic content of pre-event water is a major limitation and could not be clearly identified due 19 to a lack of data and was therefore assumed to be constant. Small differences between pre-event and post-event 20 streamwater isotopic content support this assumption ( Table 2 ). The assumption of soil water having the same 21 isotopic content as groundwater in time and space is quite critical. Some studies reveal no significant differences 22 (e.g. Laudon et al., 2007), whereas others do (e.g Sklash and Farvolden 1979) . Isotopic differences between 23 groundwater and soil water were not notable due to a lack of data. Furthermore it is not known to which amount 24 the vadose zone contributes to baseflow in the study area. Winter baseflow used in the analyses is assumed to 25 integrate mainly groundwater and partly soil water. Soil water could be hypothesized to have a negligible 26 contribution to baseflow during winter due to the recession of the soil storage in autumn and frozen soils in 62 %, for the early melt and peak melt, respectively. The hydrograph is dominated by pre-event water during 3 early melt in April (Fig. 10c) , which is in accordance with the results obtained by other IHS studies (Beaulieu et 4 al., 2012; Laudon et al., 2004; Laudon et al., 2007; Moore, 1989) . Initial snowmelt events flush the pre-event 5
water reservoir as snowmelt infiltrates into the soil and causes the pre-event water to exfiltrate and contribute to 6 the streamflow. As the soil and groundwater reservoir becomes gradually filled with new water (snowmelt), the 7 event water fraction in the stream increases. The system is also wetter during peak melt. The dominance of event 8
water in the hydrograph is interpreted as an outflow of pre-event water stored in the subsurface and the gradual 9 replenishment of event water. The higher water tablecompared to the early melt periodcould cause a 10 transmissivity feedback mechanism (Bishop, 1991) . This is a common mechanism in catchments with glacial till 11 (Bishop et al., 2011) and characterises higher transmissivities and hence increasing lateral flow velocities 12 towards to the surface. Runoff generation is spatially very variable in the study area. There are areas (meadow 13 patches between rock fields) were saturation excess overland flow is dominant (observed mainly at plots S1, S2 14
and Wind) and areas (with larger rocks and debris) were rapid shallow subsurface flow can be assumed (plot 15 N2). Catchment morphology controls various hydrologic processes and hence the shape of the hydrograph. 16
Upslope residence times of snowmelt are usually smaller due to thinner soils (observed during the field work), 17 steeper slopes (Sueker et al., 2000) and higher contributing areas of glaciers with impermeable ice (Behrens, 18 1978) and would be indicators for the more flashy hydrograph during the peak melt season. The snowmelt 19 contribution increased as the freshet period progressed and peaked with high contributions at the beginning of should be mentioned that in their study, runoff was fed by three components (snowmelt, glacier melt and 26 groundwater) and lower snowmelt contributions were prevalent because most of the catchment area (69 %) was 27 snow-free. 28
Impact of spatial varying snowmelt and its δ 18 O content on IHS (Assessment of weighting approaches) 29
Klaus and McDonnell (2013) stress in their review paper the need for investigating the effects of the spatially 30 varying snowmelt and its isotopic content on IHS. The present study quantified the impact of spatially varying 31 snowmelt isotopic content between north-and south facing slopes on IHS results for the first time. The 32 difference in volumetric snowmelt contribution to streamflow at the event-scale determined using the five 33 different weighting methods for IHS is maximal 24 % (NORTH approach vs. SOUTH approach). The data show 34 that the variations between the weighting approaches (VWS, VWO and VWE) are higher throughout the early 35 melt season (Table 6) , because small-scale variability of snowmelt and its isotopic content are more pronounced 36 in the early melt season. Thus the influence of spatial variability of snowmelt and its isotopic content on the 37 event water fraction calculated with IHS is larger during this time. Melt rates strongly differ between the south-38 and the north-facing slope (Fig. 9) , which was deceptively gathered by manually measured SWE, likely due to 39 micro-topographic effects. As the contributions from both slopes are used in Eq. (3), they strongly influence the 40
Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-128, 2016 Manuscript under review for journal Hydrol. Earth Syst. Sci. Published: 11 May 2016 c Author(s) 2016. CC-BY 3.0 License. applied weighting technique. The weighting method SOUTH (or NORTH) represents the most extreme scenario 1 in which only one sampling site was deployed in the IHS analysis. Because snowmelt is more depleted in δ 18 O 2 and closer to pre-event water isotopic content on the south-facing slope during peak melt, this scenario has the 3 greatest effect on IHS and leads to the strongest deviation in estimated snowmelt fractions (up to 15 % 4 overestimation compared to the VWS approach). Similar to the VWE method, snowmelt isotopic data was not 5 volume-weighted in other studies (e.g. Engel et al., 2015) since snowmelt data was not available. This has a 6 more distinct effect on IHS during the early melt season because of the higher spatio-temporal variability in 7 snowmelt and its isotopic content compared to the peak melt season and led to a deviation in the snowmelt 8 fraction of 2 % and 3 % compared to the VWS and VWO approach, respectively. Although the differences seem 9
to be small, it should be mentioned that differing snowmelt and isotopic values offset each other in this particular 10 case, which led to the relatively small differences in estimated snowmelt fractions ( Table 6 ). Nevertheless the 11 results of VWS are more correct for the right reason, because single observed plot-scale melt rates do not 12 represent distributed snowmelt contribution at the catchment-scale. Therefore one can hypothesize that 13 distributed simulated melt rates enhance the reliability and feasibility of IHS, whereas plot-scale weighting 14 implements a very high error caused by the difficulty in finding locations that represent the melt rate of a slope 15 in complex terrain. The IHS results of this study are more sensitive to the spatial variability of snowmelt δ 18 O, 16 than spatial variations of snowmelt rates (Table 6 ). This is even more pronounced for the peak melt period, 17 because snowmelt rates were similar for the north-and south-facing slope, probably due to an isothermal snow 18 cover throughout the catchment. 19
Limitations of the study 20
Collecting water samples in high-elevation terrain is challenging due to limited access and high exposure to risk 21 (e.g. avalanches), limiting especially high-frequency sampling. Hence some limitations are inherent in the 22 presented study. Potential elevation effects on snowmelt isotopic content were not tested. The opposing sampling 23 sites (S1-N1 and S2-N2) were at the same elevation ( Fig. 1) . It was assumed that the differences of north-and 24 south-facing slopes were significantly greater than a possible altitudinal gradient of snowmelt isotopic content. 25
This hypothesis was not tested, but assumed to be valid based on the results of other studies (Dietermann and  26 Weiler, 2013). However, accounting for a potential altitudinal gradient (decrease of snowmelt δ 18 O with 27 elevation) would lead to more depleted isotopic signatures of event water and hence to lower event water 28 fractions. A disadvantage is that no snow survey was conducted prior to the onset of snowmelt (peak 29 accumulation) to estimate spatial variability in bulk snow δ 18 O. Because snowmelt is used for applying IHS, it is 30 not clear to which degree the spatial variability of the snowpack isotopic content is important. Two-component 31 isotopic hydrograph separation was successfully applied using the end-members snowmelt and baseflow, but 32 potential contributions of glacier melt were neglected. Because glaciers in the catchment were still covered by 33 snow during the peak melt season, a significant contribution from ice melt was therefore assumed to be unlikely. 34
Nevertheless negligible amounts of basal meltwater could originate from temperate glaciers. No samples could 35 be collected during the recession of the hydrograph (at night). Despite spatial variability of the event water signal 36 was the focus of the study, only temporal variability was considered in the Genereux-based uncertainty. 37 Furthermore, model results and observed discharges were assumed to be free of error in the analyses. As pointed 38 out, instrumentation and accessibility are major problems for high-elevation studies and their sampling 39 strategies. For this study it turned out that composite snowmelt samples were easier to collect, representing the 40 The presented study provides new insights into the variability of snowmelt isotopic content and highlights its 6 impact on IHS in a high-elevation environment. The spatial variability of snowmelt isotopic signatures was 7 extensively considered by experimental investigations on south-and north-facing slopes to define tracer 8 concentrations of the snowmelt end-member with greater accuracy. This study clearly shows that distributed 9 snowmelt rates simulated by a model, fed with meteorological data from local automatic weather stations, affect 10 the weighting of the event water isotopic signal, and hence the estimation of snowmelt fraction in the stream by 11 IHS. The study provides a variety of relevant findings that are important for hydrologic research in high-alpine 12 environments: a distinct snowmelt variability between north-and south-facing slopes was shown for this 13 complex terrain, especially during the early melt season; isotopic signatures of snowmelt water were 14 significantly different between north-facing and south-facing slopes, which resulted in a pronounced effect on 15 estimating snowmelt contributions to streamflow with IHS; differences in the estimated snowmelt fraction due to 16 the weighting methods used for IHS were quantified by up to 24 %. It became evident that it is hardly possible to 17 characterize the event water signature of larger slopes based on plot-scale snowmelt measurements. Applying 18 distributed modelling reduced the uncertainty of the spatial snowmelt variability inherent in point-scale 19 observations. Hence, applying the VWS method provided more reasonable results than the VWO method. 20
Sampling north-and south-facing slopes is of major importance in conducting snowmelt-based IHS in 21 mountainous catchments with complex topography in which a non-uniform input of snowmelt can be expected. 22
Therefore, it has to be pointed out that the selection of sampling sites has a major effect on IHS results. Sampling 23 at least north-facing and south-facing slopes in complex terrain and using distributed melt rates to weight the 24 snowmelt isotopic content of the differing exposures is therefore highly recommended for applying snowmelt-25 based IHS. 
